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catalyst  for  )3Pb02  in  the  corrosion  product  attached  to  the  metal  surface.  Antimony 
also  promotes  intercrystal  bonding  between  the  two  polymorphs  of  Pb02  . 

The  morphologies  of  the  PbS04  crystals  were  also  studied.  The  crystals 
formed  on  soaking  in  the  electrolyte,  and  during  discharge  of  Pb02  coatings,  devel¬ 
oped  by  electrochemical  cycling,  were  examined.  W ell -developed  prisms,  dendrites, 
ard  hopper  crystals  were  observed.  The  discharge  of  the  antimonial  coatings 
appeared  to  be  limited  by  the  growth  rate  of  the  PbSC>4  crystals. 

The  fundamental  aspects  of  electrocrystallization  are  discussed,  and  a  crystal 
chemical  mechanism  is  proposed  for  the  action  of  Sb  in  the  Pb02  electrode.  A 
broad  program  for  future  investigation  is  outlined. 
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ABSTRACT 


Electrochemical  cycling,  x-ray  diffraction,  and  electron  microscopy 
were  used  to  study  anodic  crystallization  on  pure  andantimonial  Pb  in  H2SO4. 
On  pure  Pb  a  maximum  electrochemical  capacity  developed  that  did  not  increase 
with  further  cycling.  The  anodic  coating  was  comprised  of  small  needlelike 
crystals  that  grew  with  cycling.  The  amount  and  crystallinity  of  fSPb02  grad¬ 
ually  increased  in  a  soft  porous  outer  layer.  Attached  to  the  metal  was  a 
layer  of  «PbO>.  On  the  Sb-Pb  alloy  the  capacity  continually  increased  with 
cycling.  A  compact  eutectoidal  coating  of  small  crystals  of  a  and  /iPb02  was 
formed.  It  was  concluded  that  on  pure  Pb  fiPb02  does  not  bond  to  oPb02  and 
that  Sb  in  the  Sb-Pb  alloy  acts  as  a  nucleating  catalyst  for  gPbO,,  in  the  cor¬ 
rosion  product  attached  to  the  metal  surface.  Antimony  also  promotes  inter¬ 
crystal  bonding  between  the  two  polymorphs  of  Pb02. 

The  morphologies  of  the  PbS04  crystals  were  also  studied.  The  crystals 
formed  on  soaking  in  the  electrolyte,  and  during  discharge  of  Pb02  coatings, 
developed  by  electrochemical  cycling,  were  examined.  Well -developed  prisms, 
dendrites,  and  hopper  crystals  were  observed.  The  discharge  of  the  anti- 
rnonial  coatings  appeared  to  be  limitedbythe  growth  rate  of  the  PbS04  crystals. 

The  fundamental  aspects  of  electrocrystallization  are  discussed,  and  a 
crystal  chemical  mechanism  is  proposed  for  the  action  of  Sb  in  the  Pb02 
electrode.  A  broad  program  for  future  investigation  is  outlined. 
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ANODIC  CRYSTALLIZATION  ON  PURE  AND  ANTIMONIAL 
LEAD  IN  SULFURIC  ACID 


INTRODUCTION 

The  Pb02  electrode,  with  a  technology  stretching  back  slightly  more  than  100  years, 
has  been  studied  in  considerable  detail.  Fundamental  investigations  of  the  system  cross 
over  many  scientific  disciplines,  and  the  need  for  further  research  rests  with  the  expanding 
demand  for  portable  energy  sources,  for  example,  for  pollution-free  propulsion.  The 
purpose  of  this  report  is  to  present  some  recent  results  of  the  experimental  investigation 
of  the  PbO,  electrode,  to  propose  a  mechanism  for  the  beneficial  action  of  Sb  in  the  elec¬ 
trode,  to  outline  the  fundamental  aspects  of  the  study,  and  to  suggest  a  research  program 
directed  to  finding  a  substitute  for  Sb.  A  substitute  is  desired  because  Sb  is  in  short 
supply  in  the  Western  world,  and  in  addition  to  its  beneficial  action,  it  is  also  detrimental, 
causing  the  self -discharge  of  both  the  PbO_,  and  Pb  electrodes,  as  well  as  poisoning  of 
the  Pb  electrode. 

The  PbO,  plates  for  the  lead-acid  cell  are  made  by  mixing  a  plasterlike  paste  of 
PbO,  H  ,0,  and  H  ,S04 ,  and  applying  this  paste  to  a  rigid  metallic  grid  of  Pb  alloy.  Follow¬ 
ing  the  “setting"  of  the  paste  it  is  converted  to  PbO,  by  electrochemical  oxidation  in 
H,S04,  and  the  plate  is  ready  for  use.  Despite  the  apparent  straightforward  process 
indicated,  many  facets  of  the  operation  remain  to  be  clarified  in  detail. 

Because  the  PbO,  plate  is  usually  the  limiting  plate  as  far  as  cell  performance  and 
life  are  concerned,  it  offers  a  most  promising  area  for  improvement.  The  anticipated 
improvements  are  (a)  mechanically  stronger  active  material  plaques,  (b)  improved  service 
life,  (c)  higher  energy  density,  (d)  thinner  positive  plates  and  or,  <e)  thin-plate  non- 
antimonial  cells  for  cycle  and  float  service. 

Antimony  is  normally  present  in  the  cell  as  an  alloying  agent  to  stiffen  the  grids  used 
to  support  the  active  materials.  It  is  further  recognized  as  contributing  significantly  to 
the  successful  cycle  operation  of  the  positive  plate  (1-3),  where  it  acts  as  a  nucleating 
catalyst  for  the  Pb02,  promotes  intercrystal  bonding,  and  modifies  the  crystal  size  and 
habit.  To  continue  the  investigation  of  the  mechanism  of  the  action  of  SI)  in  the  positive 
plate,  the  crystal  habits  of  Pb02  and  PbSO«  crystallizing  on  anodes  of  Pb-Sb  alloy  have 
recently  been  examined  (4.5). 

The  anodic  oxidation  products  forming  on  Pb  and  its  alloys  at  potentials  near  the 
reversible  Pb02 ,  PbSO^  electrode  in  H,SOj  have  been  identified  by  x-ray  diffraction. 

At  potentials  above  this  electrode,  an  outer  layer  of  the  corrosion  product  has  been 
identified  as  primarily  ,;Pb02,  and  an  inner  layer,  closer  to  the  metal,  is  primarily 
oPbO which  is  frequently  intermixed  with  some  ,>Pb02.  Tetragonal  PbO  and  BbSO*  have 
been  detected  at  lower  potentials.  The  relative  amounts  of  these  materials  in  the  corrosion 
layers  depends  on  the  polarization  potential,  length  of  anodic  treatment,  temperature, 
current  density,  concentration  of  the  H2S04  electrolyte,  and  metal  composition  (6-8). 

o  •  anodic  films  formed  on  pure  Pb  have  also  been  examined  by  electron  microscopy. 
Th  .  .dividual  crystals  of  PbO ,  are  usually  very  small,  lying  within  the  submicron  range 
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that  gives  rise  to  some  degree  of  x-ray  line  broadening,  while  the  PbS04  crystals  observed 
on  pure  Pb  anodes  are  generally  much  larger  than  the  Pb02  crystallites  (7,9-12). 

The  reaction  at  the  positive  plate  of  the  lead-acid  cell  is  particularly  complicated 
because  it  involves  dissolution  and  crystallization  of  two  solid  phases,  Pb02  and  PbS04, 
as  well  as  the  charge  exchange  reactions.  The  plate  reaction  takes  place  by  way  of  solu¬ 
tion  in  the  H,S04  electrolyte  (13,141;  however,  the  solubilities  of  PbS04  and  Pb02  are 
very  low.  Despite  these  complexities,  the  electrode  performs  very  well  at  relatively  high 
current  densities. 

In  the  discharge  of  a  dPb02  electrode  in  H2S04  at  constant  current,  the  potential 
passes  through  a  minimum  (15),  which  is  reflected  in  the  cell  voltage  and  is  known  as  the 
coup  de  fouet  or  spannungssack.  During  this  period  the  supersaturation  of  Pb24  in  the 
electrolyte  is  built  up,  and  the  critical  nuclei  of  PbS04  are  formed  (16,17).  Growth  of 
the  PbS04  crystals  then  follows  at  a  lower  polarization.  This  behavior  is  fairly  typical 
of  nucleation  and  growth  kinetics  in  many  electrocrystallization  reactions  (18,19). 

Antimony  is  coprecipitated  with  PbS04  to  such  a  degree  that  it  interferes  with  the 
gravimetric  analytical  procedure  (20),  and  its  separation  from  Pb  is  required  for  accurate 
results.  Dawson  et  al.  (21)  recently  suggested  that,  in  H2S04  solutions,  Sb  is  present  as 
the  anions  Sb(S04)2,  SbOS04,  and  Sb3Og  3-.  Strong  absorption  on  the  crystal  surface  may 
be  expected  to  result  in  an  alteration  in  habit,  growth  rates,  and  lattice  substitution  in 
the  growing  crystals. 


RECENT  EXPERIMENTAL  WORK 
Anodization  and  Cycling 

Aged  castings  of  pure  Pb  and  nominally  5%  Pb-Sb  alloy  were  used  in  this  study.  The 
spectrographic  analyses  of  these  metals  are  given  in  Table  1.  The  specimens  measured 
approximately  6  3  0.4  cm  and  fit  the  sample  holder  of  the  x-ray  diffractometer  so 

that  x-ray  patterns  could  be  registered  without  destruction  of  the  sample.  Immediately 
prior  to  use,  the  specimens  were  washed  in  saturated  ammonium  acetate  solution  and 
thoroughly  rinsed  in  distilled  H20.  While  wet  with  the  final  rinse,  they  were  assembled 
in  beaker  cells  containing  two  sheet  Pb  cathodes,  a  Hg,  Hg2S04  reference  electrode,  and 
4.4M  H2  S04.  The  cells  were  allowed  to  stand  on  open  circuit  for  30  min  before  the  anodic 
current  of  1  m A/cm 2  was  applied.  The  cell  voltages  and  plate  potentials  were  continuously 
recorded  on  strip  charts  and  frequently  checked  manually  with  a  potentiometer.  Experi¬ 
ments  were  run  in  triplicate.  The  cycled  samples  were  discharged  at  1  mA/cm2  to  a 
potential  of  0.75  to  0.8  V  vs  the  reference  electrode  and  recharged  at  the  same  current 
density.  Anodization  was  continued  between  discharges.  X-ray  diffraction  patterns  were 
registered  with  CuKo  radiation,  using  the  diffractometric  method  (22)  with  scanning  speeds 
of  2°  and  0.2°/min.  The  x-ray  patterns  were  registered  intermittently  throughout  the 
anodization  periods,  quite  frequently  in  the  early  stages.  Specimens  for  electron  microscopy 
were  removed  at  intervals,  blotted  dry,  and  replicated  as  soon  as  possible  after  concluding 
the  anodic  treatment.  During  discharge  the  interval  known  as  the  coup  de  fouet  had  a 
duration  of  approximately  5  min  under  these  conditions  and  the  minimum  was  reached  at 
3.23  min.  Discharging  electrodes  were  examined  at  0,5,  2,  3.25,  4,  and  5  min,  1  hourfhalf 
discharge  capacity),  and  at  the  knee  of  the  curve. 


Replication  of  the  Anodic  Products  for  Electron  Microscopy 

Various  techniques  are  commonly  used  to  replicate  specimens  for  electron  microscopy, 
and  the  method  selected  depends  on  the  nature  of  the  material  under  investigation.  Evap¬ 
orated  carbon  has  found  great  favor  as  a  final  replica  because  of  its  chemical  inertness, 


NRL  REPORT  7256 


3 


Table  1 

Spectrographic  Analysis  of  Metals 
Used  in  This  Study 


Element 

Pure  Lead 

Antimony 

Alloy 

Pb 

VS 

VS 

Sb 

VW 

S  j 

B; 

VW 

W-M 

Fe 

VW 

VW 

A1 

_  1 

! 

Ni 

FTR 

VW 

Si 

VW 

VW 

Sn 

VW 

TR 

Mg 

TR 

TR 

Mn 

TR 

TR 

As 

VW 

Cd 

VW 

- 

Cu 

TR 

TR 

Ag 

VW 

VW 

Key:  VS  =  10  to  100%. 

S  =  1  to  10%. 

M  =  0.1  to  1%. 

W  =  0.01  to  0.1%. 


VW  =  0.001  to  0.01% 
TR  =  0.0001  to  0.001%. 
FTR  =  0.0001%  or  less. 
—  =  not  detected. 


its  lack  of  self  structure,  and  its  ability  to  withstand  bombardment  by  the  electron  beam  (23). 
In  previous  electron  microscopic  examinations  of  Pb02,  both  single-stage  and  two-stage 
replicas  have  been  used  (2,7,9-12).  In  this  study,  it  was  necessary  to  resort  to  the  two- 
stage  polystyrene -carbon  technique  because  of  the  very  rough  surfaces  of  some  of  the 
anodic  products.  The  primary  impressions  of  the  anodic  coatings  were  made  by  placing 
thin  polystyrene  wafers  on  the  dried  electrode  surfaces,  covering  them  with  glass  slides, 
adding  weights  to  the  slides,  and  placing  the  assemblies  in  an  oven  preheated  to  165°C. 

The  weight  is  not  critical;  0.5  to  1  kg/cm2  effective  pressure  was  used  in  this  investiga¬ 
tion.  The  length  of  time  required  to  take  such  impressions  depends  on  the  heat  capacity 
of  the  assembly,  and  for  the  samples  used  in  this  work  one -half  hour  was  necessary. 

This  manner  of  replication  resulted  in  no  change  in  the  corrosion  products  detectable  by 
x-ray  diffraction  examination. 

When  the  specimen  has  a  high  degree  of  surface  relief,  partial  impressions  are 
necessary  because  the  plastic  may  totally  encapsulate  some  features,  and  excessive  under¬ 
cutting  renders  final  replication  impossible.  A  partial  impression,  however,  results  in 
clear  areas  in  the  final  replica  where  the  softened  plastic  does  not  contact  low-lying 
surface  features,  shown  schematically  in  Fig.  1  and  in  the  micrograph  of  Fig.  2.  When 
the  degree  of  surface  relief  is  not  excessive,  the  plastic  will  yield  a  complete  replica 
of  the  surface  as  in  the  micrograph  of  Fig.  3. 
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(a)  A  partial  impression  of  a  surface  with  high  relief. 
The  arrows  indicate  areas  that  will  be  clear  in  the  final 
replica.  The  low-Lying  features  will  not  be  shown.  If 
the  degree  of  surface  relief  is  not  excessive,  the  entire 
surface  may  be  replicated. 


I bi  Coating  of  evaporated  carbon  deposited  on  the  piastic 
impression  after  the  plastic  is  removed  from  the  sur¬ 
face  and.  cleaned  of  any  adhering  particles 


CARBON  LAYER 


PLASTIC 


(c)  The  final  carbon  replica  rests  on  the  grid  wires  olf 
the  specimen  screen  after  removal  of  the  plastic  im¬ 
pression  by  dissolution 


Fig.  1  -  Diagram  of  the  two-stage  plastic  carbon  replication  technique  for  electron 
microscopy.  A  primary  impression  of  the  specimen  surface  is  obtained  in  softened 
plastic.  If  the  surface  has  a  high  degree  of  relief,  partial  embedding  is  employed. 
After  the  plastic  sets,  it  is  pulled  away  from  the  surface  and  any  embedded  particles 
are  removed  by  chemical  or  mechanical  treatment.  The  impression  is  then  rotary 
coated  with  evaporated  carbon  which  forms  the  final  replica  and  has  the  same 
topography  as  the  original  surface.  The  plastic  is  removed  from  the  carbon  film 
which  is  mounted  on  specimen  screens  for  examination  in  the  electron  microscope. 


Fig.  -  -  Electron  micrograph  of  the  two- 
stage  plastic  carbon  replica  of  the  anodic 
corrosion  product  on  pure  Pb  after  seven 
cycles.  Artifacts,  indicated  by  the  arrows., 
are  the  blank  areas  resulting  from  partial 
embedding  in  the  original  plastic,  contamina¬ 
tion  with  basic  lead  carbonate  and  stained 
residues.  Despite  these  flaws,  the  replica 
is  useful.  The  shape  of  the  original  PbS04 
crystal  is  assumed  by  the  mass  of  small 
Pb02  crystallites  that  have  replaced  it.  The 
individual  crystals  stand  separated  like 
bri  stle  s  of  a  brush  and  are  probably  attached 
at  their  bases. 


NOT  REPRODUCIBLE 
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Fig.  3  -  Electron  micrograph  of  a  carbon 
replica  of  the  anodic  product  on  Pb-Sb  alloy 
after  23  cycles.  This  coating  is  made  up  of  a 
compact  layer  of  small  crystals  of  0/  and 
/ipb02  with  outgrowths  of  larger  crystals. 
These  may  have  resulted  from  small  crystals 
originally  oriented  so  that  preferred  growth 
plane s  were  a  c  c  e  s  s  i  b  1  e  to  the  solution.  A 
relatively  low  degree  of  surface  relief  permits 
replication  of  the  entire  surface  of  the  deposit . 


NOT  REPRODUCIBLE 

Following  the  heating  period  required  to  form  the  primary  impressions,  the  oven 
was  turned  off  and  the  door  opened  carefully.  It  was  allowed  to  remain  slightly  ajar  until 
the  undisturbed  specimens  cooled  to  room  temperature.  The  polystyrene  wafers  were 
then  pulled-away  from  the  surfaces.  Some  particles  of  the  corrosion  products  remained 
embedded  in  the  replicas  and  were  removed  before  the  final  carbon  replica  was  prepared. 
The  particles  of  corrosion  product  from  pure  Pb  were  readily  dissolved  by  floating  the 
polystyrene  disks,  particle  side  down,  on  HN03  or  CH3COOH  containing  a  few  drops  of 
H202.  When  Sb  was  present,  however,  a  white  insoluble  residue  formed  in  these  solu¬ 
tions,  which  could  not  be  removed  from  the  plastic  replicas. 

The  plastic  replicas  were  examined  with  an  optical  microscope  to  determine  when 
the  adhering  particles  were  removed,  followed  by  thorough  rinsing  in  distilled  H20  and 
drying. 

The  polystyrene  disks  were  then  placed  in  a  vacuum  evaporator  and  rotary  coated 
with  carbon  in  the  usual  manner.  The  disks  were  cut  into  pieces  slightly  smaller  than 
the  specimen  screens  for  the  electron  microscope.  Each  piece  was  placed,  carbon  side 
down,  on  a  specimen  screen,  and  the  polystyrene  was  removed  from  the  carbon  replica 
by  vapor  washing  with  ethylene  dichloride  (24).  The  replicas  were  then  examined  in  the 
electron  microscope.  Cleaning  the  replicas  from  the  antimonial  specimens  remains  an 
art.  By  using  oxalic  acid  to  reduce  the  Pb02  and  tartrates  to  complex  the  Sb,  the  replica 
may  be  cleared.  Occasional  dips  in  H2S04  were  used  to  precipitate  PbS04 ,  which  could 
then  be  removed  in  saturated  ammonium  acetate  solution.  By  alternately  treating  with 
these  reagents,  rinsing  with  distilled  H20  between  the  various  baths,  the  formation  of  the 
curdy  antimony  oxide  could  be  minimized.  When  all  the  Pb02  had  been  reduced,  HC1 
containing  tartaric  acid  was  used  as  a  final  treatment.  The  very  stable  insoluble  antimony 
oxide  gives  rise  to  the  chemical  replica  of  Pb-Sb  alloys  (25)  and  interferes  with  the 
analytical  chemistry  of  Sb  (20). 


A  r*  '' 


RESULTS  AND  DISCUSSION 
Discharge  Capacities 

The  discharge  capacities  of  the  anodic  corrosion  films  on  both  pure  and  antimonial 
Pb  were  LI  ma-h’/cm2  at  the  beginning  of  anodic  treatment  and  gradually  increased  with 
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electrochemical  cycling.  Initially  the  capacity  developed  on  the  Sb  alloy  was  slightly  less 
than  that  of  the  pure  Pb  specimens:  however,  after  five  or  six  cycles,  the  capacities  of 
the  antimonia!  coatings  exceeded  those  developed  on  pure  Pb.  The  discharge  capacity  of 
the  Sb  alloy  continued  to  increase  to  a  value  of  7  mA-hr/cm-  on  the  23rd  cycle,  the  dura¬ 
tion  of  the  cycle  tests.  The  coating  on  pure  Pb  reached  a  maximum  capacity  of  about 
2.6  mA-hr.  cm-'  beyond  which  it  ceased  to  increase  significantly,  as  shown  in  Fig.  4.  These 
capacities  were  all  measured  at  room  temperature  and  at  a  discharge  rate  of  1  mA/cm2 
of  apparent  area.  The  curves  shown  in  Fig.  4  indicate  the  general  trend  of  the  capacity 
increase  with  cycling.  Owing  to  such  factors  as  the  change  in  true  surface  area,  the 
measured  values  must  be  considered  as  giving  orders  of  magnitude  only. 


Fig.  4  -  Capacity  change  with  cycling  of  the  anodic  coat¬ 
ings  on  pure  and  antimonial  Pb.  The  scatter  in  the  data 
points  is  caused  by  uncontrolled  variables,  such  as  the 
change  in  surface  area  and  mechanical  loss  of  the  coat¬ 
ings  by  shedding.  The  curves  are  representative  of  gen¬ 
eral  trends  for  comparison  purposes .  The  lower  capacity 
on  the  Sb  alloy  at  the  start  of  cycling  was  observed  in  all 
runs  nr.d  appears  to  be  real.  On  pure  Pb  the  capacity 
reaches  a  maximum  and  does  not  increase  significantly 
with  further  cycling;  on  Sb  alloy  the  capacity  increases 
for  the  duration  of  the  experiment. 


X-Ray  Analyses 

X-ray  diffraction  examination  of  the  pure  Pb  electrodes  showed  that  the  major  product 
was  tetragonal  PbO  at  the  earliest  stage  of  anodic  cycling.  Detectable  quantities  of  a  and 
JPbO .  did  not  appear  until  after  20  hours  of  continuous  anodic  treatment.  With  cycling, 
the  corrosion  product  became  gradually  richer  in  a  and  dPb02 ,  and  the  outermost  surface 
became  mainly  ^PbO,.  The  intensity  of  the  diffraction  patterns  of  Pb02  increased  with 
cycling  while  the  pattern  of  the  underlying  metal  gradually  became  totally  obscured  as  the 
coatings  thickened.  The  outer  layer  was  soft  and  powdery,  shed  slowly,  and  could  be  wiped 
from  the  surface.  The  underlying  layer  remaining  on  the  electrode  surface  was  almost 
entirely  aPbO, . 

These  observations  suggest  that  when  the  discharge  product  PbS04  is  recharged,  the 
resulting  dPbOi  will  not  nucleate  on  nor  grow  attached  to  the  underlying  aPb02  crystals. 
As  a  result,  the  ,:Pb02  is  loose  and  is  readily  detached  from  the  surface  of  the  pure  Pb 
electrodes.  This  action  appears  to  limit  the  discharge  capacity  that  may  be  developed  on 
the  pure  Pb  electrodes 

On  the  Sb  alloy,  detectable  quantities  of  a  and  dPb02  developed  in  the  anodic  films 
after  2  hours  anodization.  The  outer  layer  of  the  cycled  corrosion  product  was  mainly 
,iPb02.  The  coating  increased  in  thickness  with  cycling  and  ultimately  parted  from  the 
electrode  surface  in  brittle  flakes,  leaving  a  microcrystalline  coating  of  a  and  dPb02 
firmly  attached  to  the  metal  surface.  The  outer  surfaces  of  the  flakes  of  corrosion 
product  were  mainly  fiPbOj,  but  the  back  of  the  layer  was  a  mixture  of  a  and  dPb02. 
Therefore,  Sb  must  serve  to  nucleate  ^Pb02  in  the  corrosion  product  attached  to  the 
metal  surface.  When  sufficient  ,iPb02  is  present  in  this  primary  film,  the  dPb02  resulting 
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from  cycling  can  bond  to  the  tfPbOi  in  the  corrosion  product  film  so  that  relatively  thick 
layers  are  built  up.  An  increase  in  the  amount  of  ;iPb02  in  the  anodic  corrosion  products 
of  antimonial  alloys  has  been  reported  by  Levinzon  et  al.  (6),  and  Ritchie  and  Burbank  (3) 
have  suggested  that  Sb  acts  as  a  nucleating  catalyst  for  ^Pb02  in  the  positive  active 
material  of  the  lead-acid  cell.  Antimony  also  appears  to  promote  intercrystal  bonding 
between  a  and  ^Pb02 . 

During  cycling  of  the  electrodes,  the  so-called  degree  of  crystallinity  of  the  PbO, 
increases  more  rapidly  on  pure  Pb  than  on  the  antimonial  alloy  as  evidenced  by  an  increase 
in  intensity  of  the  diffraction  pattern  and  the  decrease  in  breadth  of  the  diffraction  lines. 

This  comparison  is  clearly  evident  in  the  diffractometer  traces  shown  in  Fig.  5  in  which 
the  two  patterns  were  recorded  on  the  same  chart  under  identical  conditions.  The  low 
relative  intensity  and  broad  lines  of  the  pattern  from  the  anodic  product  on  the  Sb  alloy 
is  attributed  to  the  small  crystal  size  of  the  deposit,  and  to  a  greater  degree  of  lattice 
distortion  present  in  these  crystals,  which  may  be  a  result  of  substitutional  solid  solution 
of  Sb  in  Pb02.  Similar  differences  in  the  degree  of  crystallinity  of  cycled  active  material 
on  pure  and  antimonial  lead  have  been  reported  by  Kordes  (1),  Ritchie  and  Burbank  (3), 
and  others.  The  difference  in  the  relative  amounts  of  a  and  tiPb02  in  the  two  coatings  is 
also  apparent  in  the  two  traces,  as  well  as  in  the  deviation  from  standard  relative  intensities 
of  the  lines  at  25.4°  and  32.03°  frequently  observed  in  electrochemically  prepared 
Pb02  (1,6). 


Fig.  5  -  X-ray  diffraction  patterns  over  the  range  24'  to  33'  20  of  the  anodic  coat¬ 
ings  on  pure  and  antimonial  Pb  after  seven  cycles.  Pattern  A  was  obtained  from 
pure  Pb,  and  pattern  B  was  obtained  from  antimonial  alloy.  The  patterns  were  super¬ 
imposed  by  rewinding  the  chart  after  the  first  pattern  had  been  recorded,  displacing 
the  rate  meter  zero  by  four  small  scale  divisions,  and  leaving  all  other  instrument 
settings  ihe  same.  The  scanning  rate  for  these  patterns  was  0.2  20/min  with  Ci;Kff 
radiation  and  a  full-scale  deflection  of  1000  counts  per  second.  T’  major  peaks 
arise  from  O  and  ,ipb02  ,  and  both  patterns  show  the  line  at  32.03  iO  be  more  in¬ 
tense  than  that  at  2  5.4'.  This  is  the  reverse  of  the  standard  pattern  for  dpbo, 
recorded  by  similar  techniques.  The  pattern  from  the  corrosion  product  on  pure 
Pb  has  a  higher  intensity  than  that  from  the  antimonial  alloy.  The  width  of  the 
diffraction  lines  at  half  height  is  greater  on  the  antimonial  specimen,  attributed  to 
a  smaller  particle  size  for  this  deposit.  The  relative  intensity  of  the  peak  at  28.5", 
which  arises  from  fVPb02  ,  is  lower  on  the  pure  Pb  specimen  than  on  the  antimonial 
specimen,  indicating  that  less  of  this  material  is  present  in  the  outer  parts  of  the 
anodic  coating. 
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Morphology 

Lead  Dioxide— The  uncycled  anodic  coatings  formed  on  pure  Pb  at  potentials  above 
the  PbO, ,  PbS04  electrode  showed  outlines  of  PbS04  crystals  which  had  been  replaced  by 
very  small  needlelike  crystals,  Fig.  6.  The  small  crystals  were  conglomerated  within 
the  outlines  of  the  PbS04  crystal  bodies  but  did  not  exactly  fill  the  original  crystal  volumes 
as  would  have  been  the  case  if  the  replacement  had  been  a  metasomatic  process.  In  the 
early  stages  of  anodic  treatment,  x-ray  diffraction  patterns  indicated  that  the  major 
component  of  the  films  was  tetragonal  PbO.  The  measurable  discharge  capacity  exhibited 
by  this  coating  suggests  that  the  tetragonal  PbO  may  be  in  the  oxidized  form  described 
by  Burbank  (26,27). 

Subsequent  cycling  increased  the  amount  of  tiPb02  on  the  electrode  surface  in  a  porous 
layer.  This  layer  showed  the  gross  outlines  of  PbS04  crystals  but  appeared  to  be  a  hedge¬ 
hog  type  of  dendritic  growth  (Figs.  2  and  7).  After  22  cycles,  spheroidal  conglomerates 
of  PbOi  remained  on  the  surface.  These  conglomerates  were  made  up  of  larger  anhedral 
crystals  (Fig.  8). 

On  the  antimonial  alloy  the  initial  uncycled  coatings  were  also  agglomerates  of  small 
crystals  having  the  gross  outlines  of  PbS04  crystals  similar  to  the  coating  observed  on 
pure  Pb  in  Fig.  6.  Despite  the  similarity  in  morphology,  in  the  case  of  the  Sb  alloy,  x-ray 
diffraction  showed  that,  after  2  hours  of  an  anodic  treatment,  this  coating  was  a  mixture 
of  a  and  PbO ,  in  contrast  to  the  coating  on  pure  Pb  that  consisted  mainly  of  tetragonal 
PbO  as  mentioned  earlier. 

As  anodizing  and  cycling  of  the  antimonial  alloy  continued,  the  capacity  increased, 
and  the  coating  remained  firmly  attached  to  the  metal  surface.  After  seven  cycles  the 


(a)  Outlines  of  the  PbS04  crystals  which  are  re¬ 
tained  after  oxidation.  The  coating  at  this  stage 
is  still  largely  tetragonal  PbO. 
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Fig.  8  -  Electron  micrograph  of  a  carbon 
replica  of  the  anodic  coating  on  pure  Pb -after 
ll  cycles.  The  spheroidal  particles,  conglo¬ 
merates  of  anhedra!  crystals,  are  not  firmly 
attached  to  the  electrode  surface,  nor  do  they 
appear  to  be  bonded  to  each  other. 


Fig.  9  -  Electron  micrograph  of  a  carbon  replica 
of  the  anodic  coating  on  the  Pb-Sb  alloy  after 
seven  cycles.  This  deposit  appears  to  be  a 
layered  composite  of  small  crystals  of  (V  and 
^jPb02  .  The  coating  at  this  stage  is  firmly  bound 
to  the  metal  surface  and  resembles  an  eutectic 
type  of  crystallization  of  the  two  phases. 


By  comparing  the  electron  micrographs  of  Figs.  2  and  7  with  that  of  Fig.  9  and  the 
x-ray  diffraction  traces  shown  in  Fig.  5  a  marked  difference  is  seen  in  the  morphology 
as  well  as  the  intensities  of  the  diffraction  patterns  of  the  Pb02  formed  on  pure  and 
antimonial  Pb  at  this  stage  of  cycling.  The  low  intensity  of  the  diffraction  pattern  from 
the  antimonial  coating  may  result  from  the  high  x-ray  absorption  coefficient  of  Pb  and 
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the  compact  nature  of  the  coating.  Only  crystals  in  the  outermost  layer  of  the  tight  coat¬ 
ing  can  take  part  in  the  diffraction  process.  On  the  pure  Pb  surface,  however,  the  coating 
is  more  porous  so  that  many  more  crystals  may  contribute  to  the  diffracted  rays,  and  the 
diffraction  pattern  is  thus  more  intense. 

After  23  cycles,  the  anodic  deposit  on  the  antimonial  electrodes  consisted  of  larger 
crystals  embedded  in  a  compact  primary  layer  of  finer  crystals  (Fig.  3).  When  the  coat¬ 
ing  reached  this  stage,  it  began  to  crack  and  the  edges  curled  away  from  the  electrode 
surface,  although  the  coating  remained  attached  to  the  electrode.  After  drying,  these 
flakes  were  readily  lifted  from  the  surface  with  a  knife  edge.  As  described  previously, 
the  outer  surface  of  these  flakes  is  relatively  richer  in  ,i  PbO ,  than  the  smoother  back 
surface,  but  this  back  surface  contains  more  of  the  beta  phase  than  the  coating  that  remains 
intact  on  the  metal  surface.  As  the  ^Pb02  crystals  grow  in  size,  they  exert  sufficient 
stress  to  break  many  of  the  mechanical  bonds  to  the  underlying  eutectoidal  bed  of  <v  and 
(iPb02  crystals.  The  morphology  shown  in  Fig.  3  further  suggests  that  certain  crystals 
in  the  initial  anodic  coatings  fortuitously  lie  with  perf erred  growth  planes  available  to 
the  solution  interface,  and  during  cycling  of  the  electrodes  these  crystals  have  grown 
preferentially. 

Starodubtsev  and  Tirookhma  (28)  have  shown  that,  in  a  conglomeration  of  NaCl  crystals, 
bridges  form  only  between  like  crystal  faces  and  not  necessarily  at  points  of  interparticle 
contact.  The  bonding  between  PbO,  crystals  may  also  be  between  only  identical  crystallo¬ 
graphic  planes.  In  this  case,  the  primary  coatings  would  bond  to  the  outer  layers  only 
through  .fPbO,  bridges,  and  these  would  form  only  between  crystals  of  like  orientation. 

On  pure  Pb,  the  primary  coating  on  the  metal  is  mainly  oPbO,  which  is  not  isomorphous 
with  dPb02 :  hence,  few  such  bonding  points  would  be  available.  On  the  other  hand,  the 
eutectoidal  mixture  of  a  and  ,ipb02  on  the  Sb  alloy  would  present  more  numerous  points 
for  intercrystalline  bridge  formation. 

Lead  Sulfate— On  tim  antimonial  alloy,  the  PbS04  coating  which  formed  during  the 
open  circuit  stand  for  30  min  was  made  up  of  rhomboidal  crystals  of  PbS04  (Fig.  10).  At 
some  intercrystalline  boundaries,  clusters  of  radiating  acicular  crystals  appeared.  The 
larger  crystals  were  several  microns  in  diameter  and  appeared  to  be  implanted  in  a  bed 
of  smaller  crystals  ranging  in  size  down  to  approximately  0.1  p.  These  coatings  are  very 
similar  to  those  observed  on  pure  Pb  surfaces  (7,9,10,12). 

At  0.5-  and  2-min  discharge,  no  PbS04  crystals  or  nuclei  could  be  identified  in  the 
electron  micrographs,  and  the  coating  had  the  same  appearance  as  the  fully  charged 
electrode  (Fig.  9J.  This  is  not  unexpected  because  the  critical  nuclei  of  PbSOj  are  very 
small,  about  11  A  diameter  (29). 

Once  the  critical  nuclei  of  PbS04  are  formed,  however,  they  grow  very  rapidly.  These 
initial  crystals  are  parallel  growths  of  the  basal  pinacoid,  (Fig.  11).  The  larger  crystal 
has  a  hopper  type  of  face  development,  and  the  overlapping  plates  in  the  string  are  connected 
by  bridges. 

The  side  view  in  Fig.  12  shows  that  the  210  prism  faces  are  not  developed,  that 
the  platelets  are  usually  less  than  0.5/i  thick,  and  that  the  interplate  attachments  are  small 
bridges  resulting  from  growth  in  the  201  and  011  directions.  These  bridges  have 
formed  between  the  basal  planes,  illustrating  the  principle  enunciated  by  Starodubtsev 
and  Timokhina  (28)  that  bridging  occurs  only  between  like  faces.  Therefore,  growth  in 
the  001  direction  is  inhibited  but  may  result  from  absorption  of  an  Sb  species  on  the 
(001)  face.  Although  domes  appear  on  some  of  these  basal  plates,  the  pinacoids  (100)  and 
(010)  are  absent,  indicating  that  growth  in  these  directions  was  most  rapid.  Although  an 
effort  was  made  to  observe  these  crystals  at  an  earlier  stage  when  they  could  be  expected 
to  display  these  faces,  they  had  grown  themselves  out  of  existence  by  the  time  the  elec¬ 
trodes  were  examined,  i.e.  at  3.25  and  4  min. 
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(a!  Larger  prismatic  crystals  im¬ 
planted  in  a  layer  of  smaller  crystals. 
In  the  center  of  the  photograph,  the 
bed  of  small  crystals  is  seen  through 
the  “overhang''  of  the  replicas  of  the 
larger  crystals,  and  the  line  of  con¬ 
tact  between  the  two  types  of  crystal 
is  visible. 


(b)  Tufts  of  radiating  a  c  i  c  ul  a  r  crystals 
appearing  at  some  intercry  stal  boundaries 


Fig.  10  -  Electron  micrographs  of  carbon  replicas  of  PbS04  coatings  formed  on 
Pb-Sb  alloy  on  open  circuit  for  30  min  in  1.2549  sp  gr  H2S04 


not  reproducible 


(a)  Hopper  type  of  face  development  as  illus¬ 
trated  by  the  large  crystal.  In  the  string  of 
smaller  crystals  several  interplate  bridges 
are  visible,  and  one  of  the  basal  pinacoids  is 
modified  by  the  201  domes.  These  c rystals 
stand  out  in  relief  from  the  layer  of  Pb02 » 
and  only  the  *.nost  prominent  features  of  this 
laver  are  replicated  here. 
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(b)  Further  example  of  the  basal  pinacoid 
strings,  characteristic  of  the  first  crys¬ 
tallization  of  PbSO,  on  discharge  of  Pb02 


(c)  Further  example  of  the  basal  pin¬ 
acoid  strings,  characteristic  of  the 
first  crystallization  of  PbSO,  on  dis¬ 
charge  of  PbO^ 


Fig.  11  -  Electron  micrographs  of  carbon  replicas  of  PbSO,  crystals  formed  on  the 
discharging  antimonial  electrode  at  5  min,  immediately  following  the  coup  de  fouct 


When  discharged  to  0.8  V  vs  the  reference  electrode,  corresponding  to  the  cutoff 
voltage  of  the  positive  plate  of  the  lead-acid  cell,  the  PbSO,  crystals  exhibited  a  different 
morphology  (Fig.  13).  These  crystals  appear  to  be  the  typical  prisms,  parallel  to  the 
crystallographic  axes,  which  are  described  for  many  mineral  specimens.  They  resemble 
the  crystals  forming  <  i  self  discharge  of  pure  Pb  anodes  (10).  These  crystals  lie  implanted 
in  the  Pb02  layer  and  could  not  have  grown  from  the  original  strings  of  basal  plane 
crystals  formed  on  the  electrodes  (Fig.  11).  Those  platelets  lying  in  the  electrode  surface 
on  their  sides  as  shown  in  Fig,  12  may  grow  into  the  prisms  appearing  at  the  end  of 
discharge  (Fig.  13).  On  the  otherhand,  some  residual  basal  pinacoids  were  observed 
(Fig.  14).  The  appearance  of  these  crystals  suggests  that  during  discharge  this  crystal 
form  became  energetically  unstable,  and  began  to  dissolve;  hence,  few  remained  at  the 
end  of  discharge.  Some  of  the  anomalies  associated  with  aging  of  chemically  prepared 
PbSO,  may  result  from  similar  transformations  (30-32). 

The  micrographs  indicate  that  the  PbSO,  crystals  are  several  orders  of  magnitude 
larger  than  the  Pb02  crystals  and  that  PbSO,  does  not  completely  cover  the  electrode 
surface  at  the  end  of  discharge.  The  observations  of  this  study  support  the  conclusions 
of  other  investigators  (13,14,33)  that  the  reaction  takes  place  by  way  of  the  solution.  The 
end  of  discharge  of  Pb02  on  pure  Pb  has  been  suggested  as  being  the  result  of  a  covering 
over  of  the  surface  by  PbS04  (13).  This  is  borne  out  by  the  electron  micrographs  shown 
in  Fig.  15.  In  the  case  of  Pb02  discharging  on  the  Pb-Sb  alloy,  the  electron  micrographs. 
Fig.  13,  suggest  that  nucleation  and  growth  of  the  PbSO,  crystals  take  place  at  “active 
centers"  and  that  the  termination  of  discharge  might  be  said  to  result  from  an  "exhaustion 
or  covering  over  of  the  active  centers." 
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(a)  (b) 

Fig.  14  -  Electron  micrographs  of  carbon  replicas  of  vestigial  basal  pinacoids 
on  the  surface  of  an  antimonial  electrode  at  the  end  of  discharge.  The  etched 
appearance  of  the  edges,  and  labyrinthine  interior  suggests  that  these  crystals 
have  been  dissolving  during  the  discharge,  rather  than  growing.  Not  many  of 
the  basal  pinacoids  were  observed  at  the  end  of  discharge,  suggesting  that 
they  are  a  metastable  form  and  recrystallize  during  the  discharge  period. 

At  this  magnification,  the  Pb02  is  seen  to  be  heavily  pitted  in  the  imme¬ 
diate  vicinity  of  these  PbS04  crystals.  This  would  be  expected  if  the  reaction 
takes  place  byway  of  solution.  This  may  have  been  one  of  the  original  “active" 
areas  of  PbO)  where  PbS04  was  first  nucleated  on  the  electrode. 


The  nucleation  overvoltage  associated  with  less  active  centers  may  require  excessive 
polarization,  and  the  discharge  would  then  be  terminated  to  avoid  secondary  electro¬ 
chemical  reactions  and  homogeneous  nucleation  of  PbS04  in  the  solution.  The  possibility 
that  the  crystal  growth  rate  may  limit  the  discharge  is  further  supported  by  the  fact  that 
additional  discharge  capacity  is  usually  available  from  the  electrode  at  reduced  current 
densities.  A  crystal -growth  control  mechanism  has  been  established  for  the  deposition 
of  PbS04  on  pure  Pb  in  2N  H2S04  (19,34).  Similar  potentiostatic  studies  of  the  Pb02 
electrode  discharge  on  antimonial  lead  would  be  of  interest  to  further  clarify  the 
mechanism. 


A  Proposed  Mechanism  for  the  Beneficial  Action  of  Antimony 
on  the  Stabilization  of  Polycrystalline  Lead  Dioxide 

To  maintain  structural  stability  in  the  presence  of  a  liquid  phase,  a  solid-solid 
intergranular  contact  must  possess  a  lower  energy  than  the  liquid-solid  contact;  other¬ 
wise,  the  liquid  will  spread  incidiously  between  grains  and  destroy  the  strength  of  the 
poly  crystalline  mass  (35,36).  It  has  been  shown  that,  relatively, 

ass  =  2<T.  s  cos0/2- 

where  as  s  is  the  free  energy  oi  contact  between  two  contiguous  grains  of  the  same 
material  and  cr,  s  is  the  interfacial  energy  associated  with  the  phase  boundary  between 


(a)  General  outline  of  the  basal  pin- 
acoid  as  v  i  s  i  bl  e  in  the  radiating 
dendritic  cluster;  however,  the 
faces  are  severely  distorted.  The 
radiating  spikes  are  implanted  in 
a  passivating  coating  ofintergrown 
rhomboidal  crystals. 


(b)  Passivating  coating  of  intergrown 
crystals  of  PbS04  which  essentially 
covers  the  surface.  The  differ ence s 
between  the  PbS04  crystals  at  the  end 
of  discharge  on  the  Sb-Pb  alloy  may  be 
seen  by  comparing  this  photograph  with 
those  shown  in  Fig.  13. 


Fig.  15  -  Electron  micrographs  of  carbon  replicas  of  PbS04  crystals  remaining  on  the 
surface  of  a  pure  Pb  electrode  after  discharge  of  an  anodic  PbOo  coating 


the  liquid  and  solid.  The  angle  9  is  the  dihedral  angle  of  penetration  which  the  liquid 
makes  between  two  contiguous  grains. 

Considerable  solid-solid  contact  may  be  maintained  in  the  presence  of  relatively 
large  volumes  of  liquid  if  <rs  s  ••  2 cr ,  s.  Furthermore,  growing  crystals  will  not  weld  to 
each  other  unless  the  energy  of  intergranular  contact  is  less  than  twice  the  solid-liquid 
interphase  energy.  If  9  is  120°  or  more,  the  intercrystalline  boundary  may  be  adjudged 
thermodynamically  stable.  But  as  9  approaches  0°,  the  liquid  will  inexorably  replace  the 
solid-solid  contact.  If  a  sufficient  number  of  such  high-energy  boundaries  are  present 
in  a  polycrystalline  aggregate  permeated  by  a  liquid,  the  mass  will  disintegrate.  These 
relations  are  indicated  schematically  in  Fig.  16. 

The  morphology  of  Pb02  particles  may  vary  from  spheroidal  to  prismatic,  and  the 
relative  stability  of  the  mass  is  related  to  these  structures  (37).  Although  the  magnitude 
of  the  relative  interface  energy  of  H2S04  on  Pb02  is  not  known,  at  an  air  interface,  the 
surface  tension  of  H2S04  solutions  has  been  shown  to  vary  with  the  concentration,  as 
indicated  in  Fig.  17  (38).  The  interfacial  energy  of  H2S04  on  Pb02  is  probably  a  similar 
function  of  concentration,  and  the  disintegration  of  the  active  mass  may  be  expected  to 
take  place  more  readily  in  more  dilute  and  very  concentrated  solutions.  The  positive- 
plate  active  material  is  not  rigidly  confined  and  is  free  to  adjust  to  such  structural  changes. 
As  interparticle  boundaries  become  replaced  with  a  liquid  phase,  the  overall  volume  of 
the  solid  would  appear  to  increase  and  thus  account  in  part  for  the  loss  of  apparent  density 
of  the  active  mass  during  cell  operation,  Fig.  18  (3). 
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8  «  0° 


Fig.  It-  -  Schematic  diagram  of  the  interphase  bound¬ 
aries  in  polyerysiallim*  materials  in  contact  with  a 
liquid  phase.  The  dihedral  angle  of  penetration  of 
the  liquid  at  the  grain  boundaries  is  a  function  of  the 
relative  surface  layer  free  energies  associated  with 
contiguous  grains.  Twin  boundaries  and  boundaries 
with  c  rystal  lographic  near  -match  of  atomic  reticulate 
structure  characteristically  possess  relatively  low 
energy;  hence,  they  are  stable  and  not  subject  to  in¬ 
tergranular  attack.  This  is  indicated  at  the  top  of 
the  diagram.  As  the  relative  i  n  t  e  r  p  a  r  t  i  c  1  e  free 
energies  increase,  the  penetration  of  the  liquid  be¬ 
tween  grains  becomes  greater,  and  the  particles 
may  become  completely  separated,  indicated  at  the 
bottom  of  the  drawing. 


Fig.  17  -  The  relation  of  surface  tension  and 
concentration  of  aqueous  H2S04  solutions 
at  dO  C  (381 


DENSITY 


In  a  polycrystalline  mass,  interparticle  contacts  of  varying  energy  will  be  present 
because  of  variation  of  contiguous  grain  misorientations  (39),  which  leads  to  differences 
in  the  rate  and  extent  of  attack  at  the  grain  boundaries.  During  operation  of  the  lead- 
acid  cell,  pockets  of  active  material  may  become  electrically  isolated  from  each  other  as 
the  more  “reactive"  boundaries  are  replaced  with  electrolyte.  This  mode  of  plate  failure 
has  been  observed  by  Bode  and  Euler  using  radioactive  tracers  (40). 

During  positive -plate  operation  the  concentration  of  the  H2S04  changes,  and  the  lower 
surface  tension  of  more  dilute  solutions  (Fig.  17)  suggests  that  in  the  pores  of  the  plated, 
where  the  most  dilute  solution  forms,  it  may  attack  intercrystalline  boundaries  that  might 
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Fig.  18  -  Bulk  density  chai.gi-s  with  cycling  of  l  he 
positive  active  material  in  pare  Pb  and  Pb-Sb 
cells.  The  rate  of  density  loss  is  markedly 
greater  for  the  pure  Pb  cells  (3). 


be  stable  in  more  concentrated  solutions.  This  may  account,  in  part  at  least,  for  the 
relatively  more  destructive  Influence  of  deep  cycling  on  positive  plates  (41). 

The  stabilization  of  the  positive  active  material  in  nonantimonial  cells  by  prolonged 
shallow  discharge,  known  as  “trickle  discharge/'  has  been  attributed  to  the  formation  of 
interlocking  splines  of  PbS04  (42).  Introduction  of  the  second  solid  phase,  PbS04 ,  neces¬ 
sitates  consideration  of  the  interphase  energies  of  PbO,/PbS04,  PbS04  /PbS04 ,  and 
H2S04.  The  solid  phase  PbS04  may  act  as  a  grain  boundary  cement,  giving  rise  to 
sutured  grain  boundaries,  or  it  may  form  bridging  crystals  from  g  ain  to  grain  of  Pb02 
similar  to  muscovite  mica  in  flexible  sandstone  (43)  or  hercynite  (FeAl204)  in  magnesio- 
wustite  ceramics  (36),  depending  on  the  relative  interphase  energies. 

The  electrode  surface  is  the  preferred  site  for  crystallization  only  under  the  condi¬ 
tions  where  the  relative  interphase  energies  have  the  necessary  relationships  (44).  The 
conclusion  can  be  drawn  from  the  experimental  evidence  of  this  and  previous  studies 
that  Sb  lowers  the  relative  intergranular  contact  energy  between  particles  of  PbO.,  grown 
in  H2S04  so  that  a  compact  welded  mass  of  crystals  is  produced.  These  relative  energies 
are  indicated  schematically  in  Fig.  19.  It  is  suggested  that  Sb  acts  in  this  manner  by 
substitutional  solid  solution  in  the  Pb02  lattices.  The  Sb  ions  may  enter  only  the  surface 
layers  of  the  Pb02  crystals,  and  markedly  lower  the  surface-layer  free  energy.  The 
superior  strength  of  the  polycrystalline  mass  of  PbO,,  the  coherent  nature  of  the  corrosion 
product  on  Pb-Sb  alloys,  and  the  bonding  between  the 'grid  and  the  active  material  pellets 
characteristic  of  antimonial  cells  are  attributed  to  this  mechanism.  In  addition  the 
eutectoidal  mass  of  a  and  dPb02  formed  on  the  antimonial  alloys  indicates  that  Sb  also 
promotes  bonding  between  the  two  polymorphs.  Elementary  crystal  chemical  considera¬ 
tions  indicate  that  this  is  a  feasible  mechanism. 
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Fit;.  IV  -  Schematic  representation  of  the  rexative 
interphase  free  energies  at  the  Pb  anode,  where 
dj  Pb/electrotyte  interface,  &2  =  Pb/Pb02  in¬ 
terface,  (J,  =  PbOj  /electrolyte  interface,  and 
-  PbOj/PbO,  interface.  As  indicated  to  the 
right  of  the  diagram,  the  adhesion  and  cohesion  of 
the  anodic  coating  depends  on  these  relative  in¬ 
terphase  energies. 


Some  Crystal  Chemistry  Considerations 

Lead  and  antimony  form  oxides  that  crystallize  in  oxygen  octahedra  with  a  metal  ion 
coordination  number  of  six  (45).  The  crystal  structures  of  these  materials  are  largely 
determined  by  the  packing  of  the  octahedra  which  are  usually  joined  by  sharing  edges  and 
corners.  In  tetragonal  pPbCh  ,  strings  of  Pb06  octahedra  lie  parallel  to  the  c0  axis  as 
in  the  rutile  structure.  In  orthorhombic  aPb02  (46,47)  the  linkages  between  octahedra 
are  also  through  sharing  edges  and  corners  in  chains  parallel  to  the  ap  axis  in  the  pattern 
of  columbite  (48).  The  generic  or  type  names  for  these  structures  are  rutile  (or  cassiterite), 
tri -rutile  (or  tapiolite),  and  columbite.  In  addition  to  Pb  and  Sb  several  other  metals 
form  oxides  that  crystallize  in  this  manner.  Some  compounds  having  these  structures 
are  listed  in  Table  2  (45,49).  Among  these  oxides  are  many  of  mixed  valence  required 
to  maintain  statistical  electrical  neutrality  in  structures  that  have  twice  as  many  oxygen 
atoms  as  metal  atoms.  Hund  (50)  has  discussed  this  stoichiometric  requirement  in  some 
detail,  and  researchers  have  shown  that  the  rutile  structure  may  accommodate  simulta¬ 
neously  more  than  one  kind  of  guest  ion  to  maintain  the  metal/oxygen  ratio  (49-52).  The 
relative  mole  ratios  are  listed  in  Table  3  for  such  mixed  oxides.  In  some  instances  a 
continuous  series  of  solid  solutions  of  the  mixed  oxides  may  be  formed. 

Table  4  gives  the  ground  state  electron  structures  and  ionic  radii  (53,54)  of  the  metals 
of  interest.  Tetravalent  Pb  has  a  radius  of  0.83  A;  therefore,  potentially,  many  mixed 
oxides  of  Pb02  and  these  other  metals  may  be  synthesized.  The  action  of  Sb  in  the  positive 
active  material  of  the  lead-acid  cell  has  been  proposed  to  be  a  result  of  substitutional 
solid  solution  in  the  Pb02.  Because  bothtri-and  pentavalent  Sb  are  smaller  in  size  than 
the  Pb  ion,  the  oxygen  octahedra  enclosing  the  Sb  ions  are  more  compact,  the  lattice 
energy  would  be  increased,  and  the  surface  energy  decreased,  resulting  in  a  more  stable, 
harder  crystal.  A  similar  incorporation  of  Sb  and  Ni  oxides  in  Ti02  (rutile)  has  been 
reported  (51,52),  and  other  inorganic  pigments  have  been  developed  by  dissolving  stoichio¬ 
metric  ratios  of  other  oxides  in  the  rutile-type  oxides,  Ti02  and  Sn02  (50). 

More  interest  has  probably  not  been  shown  in  Pb02 -related  oxides  because  synthesizing 
by  the  usual  ceramic  techniques  of  compacting  and  sintering  mixed  powders  may  not  be 
used  since  Pb02  has  a  relatively  low  thermal  decomposition  temperature  of  approximately 
300  °C  in  air  (55).  However,  many  of  the  possible  oxides  may  be  synthesized  by  aqueous 
electrochemical  oxidation. 

The  conductivity  of  Pb02  is  that  characteristic  of  metals  (56-58)  and  is  attributed 
to  an  anionic  deficiency,  the  free  electrons  apparently  existing  under  normal  conditions, 
in  a  conduction  band.  In  introducing  transition  metals  into  such  a  structure,  the  effect 
on  the  conductivity  of  the  oxide  is  difficult  to  predict.  On  the  other  hand  many  of  the 
transition  metal  oxides  are  metallic  in  character.  This  is  attributed  to  their  unfilled  d 
bands  and  hybridized  overlapping  atomic  orbitals.  The  metallic  state  in  these  oxides  is 
currently  being  actively  investigated  (59-61). 
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Table  2 

Oxide  Lattice  Types 


Rutile 

Tri-rutile 

Columbite 

1  nfPbOj 

GeO  -) 

FeSb04 

CuSb^O,, 

oPbO 

OsQ2 

/SMnO, 

FeTa04 

MgTa,06 

ReO, 

Ru02 

CrO, 

GaSb04 

NiTa20,, 

(Fe,  Mn)  Nb206 

Sn02 

Cr02.  14 

MnSbO, 

4 

CoTa2Of) 

(Fe,  Mn)Ta206 

Ta02 

Cr0.  i9  Mo(l  81  02 

TiV04 

FeTa,0, 

2  ft 

Mn,  Nb  ,06 

TeO^ 

Cr„. 33  Mo0>67  02 

SbV04 

MgSb,Ofi 

MgNbjO^ 

Ti02 

AlSb04 

VSb04 

NiSb  206 

NiNb206 

wo2 

CrNb04 

RhNbO . 

4 

CoSb206 

CoNb206 

NbOa 

CrSb04 

RhTa04 

FeSb2°5 

FeNb2Ofi 

Mo02 

CrTa04 

RhV04 

ZnSb206 

ZnNb2Oft 

Ir02 

FeNbO. 

4 

(Fe,  Ta,  Nb)  02 

(Fe,  Mn)(Ta,  Nb)206 

_ 

ZnTa206 

MnTa206 

MnSb2Ofi 

_ i 

Table  3 

Stoichiometric  Ratio  of  Oxides 
(A  +  B  =  Me02)* 


A 

B 

Me20 

3Me2  Os 

3Me03 

MeO 

Me2Os 

Me03 

Me2Q3 

Me205 

Me03 

“Me  =  metal. 


The  geometrical  considerations  in  selecting  possible  guest  ions  for  the  PbO,  lattices 
indicate  that  the  cation/anion  radius  ratio  should  be  between  0.4  and  0.7.  These  ratios 
are  given  for  the  metals  listed  in  Table  4.  The  ratio  having  the  greatest  stability  is  the 
lower  limit  (54),  and  for  this  reason  ions  smaller  than  Pb4  should  be  most  effective  in 
imparting  beneficial  structural  properties  to  the  polycrystalline  mass  of  Pb02 .  There 
are  other  oxide  structures  that  are  of  interest  because  of  their  possible  electrochemical 
magnetic  and  semiconducting  properties.  These  include  the  perovskite  (62,63)  and 
tungsten  bronze  (64-66)  type  structures.  The  bronzes  of  lead  with  tungsten  and  vanadium 
have  been  prepared  (67,68),  but  they  have  not  been  studied  from  an  electrochemical 
viewpoint.  It  is  only  recently  that  any  of  these  bronzes  has  been  the  subject  of  electro¬ 
chemical  investigation  (69-71). 

From  a  thermodynamic  view,  some  of  the  lower-valence  metal  ions  may  be  unstable 
at  positive  plate  potentials  in  the  lead-acid  cell.  However,  when  incorporated  in  the 
Pbd2  lattice,  the  crystal  chemical  considerations  probably  would  prevent  further  oxidation. 
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Table  4 

Ionic  Radii  and  Electron  Structure  of  Metals  Potentially 
Compatible  With  Lead  Dioxide  Lattices 


Ion 

Valence 

Atomic 

Electron 

Structure 

rt. 

o 

(A) 

A1 

3 

(Ne)3s’3p* 

0.57 

0.43 

As 

5 

(Ar)3d104s-4pJ 

0.47 

0.33 

Di 

3 

(Xe)4f  145di‘>6s26pJ 

1.20 

0.91 

5 

0.74 

0.56 

Co 

2 

(Ar)3dT4s2 

0.71 

0.54 

0.63 

0.48 

Cr 

3 

(Ar)3d54s' 

0.64 

0.48 

6 

0.52 

0.39 

Cu 

2 

(Ar)3d104s‘ 

0.70 

0.53 

Fe 

2 

(Ar)3dfl4s2 

0.76 

0.58 

3 

0.67 

0.51 

Ga 

3 

(Ar)3d  ,ft4s24p1 

0.64 

0.48 

Ge 

4 

(Ar)3d104s24p  2 

0.56 

0.42 

Hf 

4 

(Xe)4f  u5d26s2 

00 

o 

0.61 

In 

3 

(Kr)4dln5s2  5pl 

0.81 

0.61 

Ir 

4 

(Xe)4f  145d76s2 

0.65 

0.49 

Li 

1 

He  2s1 

0.60 

0.45 

Mg 

2 

(Ne)3s2 

0.70 

0.53 

Mn 

2 

(Ar)3d54s2 

0.80 

0.61 

3 

0.72 

0.55 

4 

0.56 

0.42 

Mo 

4 

(Kr)4ds5s 1 

0.67 

0.51 

!  Nb 

4 

(Kr)4d45s’ 

0.70 

0.53 

5 

0.68 

0.52 

Ni 

2 

(Ar)3d*4s2 

0.68 

0.52 

3 

0.62 

0.47 

Table  4  continues 


NRL  REPORT  7256 


23 


Table  4  (continued) 

Ionic  Radii  and  Electron  Structure  of  Metals  Potentially 
Compatible  With  Lead  Dioxide  Lattices 


Ion 

Valence 

Atomic 

Electron 

Structure 

r, 

(A) 

r  7r  | 

Os 

4 

(Xe)4f 14  5d"6s- 

0.67 

0.51 

Pb 

2 

(Xe)4f  145d‘"6s-6p-' 

1.18 

0.89 

4 

0.83 

0.63 

Re 

4 

(Xe)4fu5ds6s-’ 

0.66 

0.50 

Rh 

3 

(Kr)4ds  5s 1 

0.68 

0.52 

Ru 

4 

(Kr)4d7  5s 1 

0.65 

0.49 

Sb 

3 

(Kr)4d10  5s25p3 

0.71 

0.54 

5 

0.66 

0.50 

Sc 

3 

(Ar)3d*  4s2 

0.81 

0.61 

Sn 

4 

(Kr)4d1,,5s25p2 

0.73 

0.55 

Ta 

4 

(Xe)4f  145d36s2 

0.70 

0.53  1 

Te 

4 

(Kr)4d105s25p4 

0.87 

0.66 

6 

0.56 

0.42 

Ti 

3 

(Ar)3d24s2 

0.67 

0.51 

4 

0.64 

0.48 

V 

3 

(Ar)3d34s2 

0.64 

0.48 

4 

0.60 

0.45 

5 

0.59 

0.45 

W 

4 

(Xe)4f  145d46s  2 

0.68 

0.52 

6 

0.68 

0.52 

Zn 

2 

(Ar)3d"'4s  2 

0.72 

0.55 

Zr 

4 

(Kr)4d:5s  2 

0.80 

0.61 

O 

-2 

He  2s22p4 

1.32 

- 
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The  Atlas  of  Electrochemical  Equilibria  (72)  and  Latimer’s  book  (73)  are  handy  reference 
guides  for  assessing  the  thermodynamic  stability  of  proposed  dopant  oxides.  For  applica¬ 
tion  in  the  lead-acid  cell,  toxicity  is  an  important  consideration,  particularly  for  service 
in  confined  spaces.  Elements  likely  to  give  volatile  toxic  compounds  under  operating  cell 
conditions  would  not  be  of  interest;  for  example,  Os  forms  volatile,  toxic  0s04  that  could 
occur  at  the  positive  plate  of  the  cell.  Arsenic  forms  the  poisonous  gas  arsine  at  negative 
plate  potentials  and  thus  is  not  suitable  for  such  applications. 


An  Outline  for  Future  Investigations 

The  complex  nature  of  the  electrochemical  operation  of  the  Pb02,  PbS04  electrode 
has  been  indicated  by  the  large  number  of  areas  touched  on  in  this  report.  The  suggested 
mechanism  of  the  action  of  Sb  in  the  electrode  indicates  the  most  profitable  direction  for 
future  investigation. 

Present  theory  is  inadequate  to  predict  with  certainty  what  elements  will  substitute 
for  Sb  and  the  experimental  approach  must  thus  be  somewhat  empirical.  The  large  number 
of  elements  that  should  form  solid  solutions  in  the  Pb02  lattices  are  listed  in  Table  4. 

In  selecting  those  that  appear  most  likely  to  act  in  the  same  manner  as  Sb,  metals  with 
the  smallest  ionic  radii  should  receive  first  attention.  In  addition,  combinations  of  ele¬ 
ments  should  be  considered.  These  should  be  in  ratios  that  can  give  the  stoichiometry 
of  Pb02  as  indicated  in  Table  3. 

Although  it  is  not  possible  to  prepare  these  materials  by  the  customary  fusion 
methods,  they  may  be  incorporated  in  PbO  by  fusion,  and  this  in  turn  may  be  used  to 
fabricate  pasted  electrodes  in  the  usual  fashion.  The  dopant  oxide  may  also  simply  be 
mixed  in  a  paste  with  PbO  and  enter  the  PbO;  lattice  during  anodic  oxidation,  as  Sb  does. 

Quite  aside  from  the  immediate  practical  goal  of  finding  a  substitute  for  Sb  in  the 
lead-acid  cell,  a  survey  of  these  oxides  may  offer  new  electrochemical  systems  or  new 
oxides  of  magnetic  or  semiconductor  interest.  For  example,  the  tungsten  bronzes  have 
remarkable  chemical  and  electrical  characteristics,  and  they  might  serve  as  electrodes 
in  many  kinds  of  cell,  including  those  with  aqueous  and  molten  salt  electrolytes.  A  broad 
program  of  investigation  of  the  physical  and  electrochemical  properties  of  these  oxides 
would  be  of  great  scientific  interest  and  holds  promise  of  uncovering  new  electrode 
materials. 
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